Abstract. This study investigated the effects of genetic polymorphisms in organic cation transporter (OCT) genes, such as OCT1-3, OCTN1, MATE1, and MATE2-K, on metformin pharmacokinetics. Of particular interest was the influence of genetic polymorphisms as covariates on the variability in the population pharmacokinetics (PPK) of metformin using nonlinear mixed effects modeling (NONMEM). In a retrospective data analysis, data on subjects from five independent metformin bioequivalence studies that used the same protocol were assembled and compared with 96 healthy control subjects who were administered a single oral 500 mg dose of metformin. Genetic polymorphisms of OCT2-808 G>T and OCTN1-917C>T had a significant (P<0.05) effect on metformin pharmacokinetics, yielding a higher peak concentration with a larger area under the serum time-concentration curve. The values obtained were 102± 34.5 L/h for apparent oral clearance (CL/F), 447±214 L for volume of distribution (V d /F), and 3.1±0.9 h for terminal half-life (mean±SD) by non-compartmental analysis. The NONMEM method gives similar results. The metformin serum levels were obtained by setting the one-compartment model to a first-order absorption and lag time. In the PPK model, the effects of OCT2-808 G>T and OCTN1-917C>T variants on the CL/F were significant (P<0.001 and P<0.05, respectively). Thus, genetic variants of OCTN1-917C>T, along with OCT2-808 G>T genetic polymorphisms, could be useful in titrating the optimal metformin dose.
INTRODUCTION
Metformin is in broad clinical use to treat type 2 diabetes, acting by improving sensitivity to insulin and overcoming insulin resistance (1) . In addition, metformin has received increasing interest because of its effects in decreasing cancer risk and cancer-related mortality (2, 3) .
Drug transporters play a key role in the distribution of metformin over tissues and the elimination of metformin through renal excretion. Metformin is eliminated primarily by the kidney without significant metabolism by hepatic enzymes. Previous studies suggest that there is considerable variation in metformin renal clearance, and genetic factors were found to contribute highly, more than 90%, to the intersubject variation (4, 5) .
Organic cation transporters (OCTs) of the solute carrier (SLC) family 22 and multidrug and toxin extrusion (MATE) transporters of the SLC47 family have been identified as uptake and efflux transporters of metformin, respectively (6) (7) (8) (9) (10) . Previous studies have shown that genetic polymorphisms in OCTs are associated with variations in the pharmacokinetics (PKs)/pharmacodynamics profiles of metformin (7, (11) (12) (13) .
Shu et al. (11) showed that OCT1 genotypes had a significant (P<0.05) effect on metformin pharmacokinetics in subjects of European ancestry with reduced OCT1 allele function (148C>T, 1,201 G>A, 1258delATG, or 1,393 G>A). However, those variants are quite rare in the Korean population (14) . Recently, Chen et al. (6) reported that genetic variants of OCT1 (289C>A, 350C>T, and 616C>T) also have reduced function in vitro. Song et al. (12) found that the variants of OCT2 (596C>T, 602C>T, and 808 G>T) resulted in markedly higher values for area under the serum concentration-time curve (AUC), peak concentration (C max ) values, but lower volume of distribution (V d /F), apparent oral clearance (CL/F) values, compared to the wild types in the 26 Korean volunteer subjects. For confirmation, a larger study in a Korean population was needed.
To date, there have been few studies on the effects of genetic polymorphisms of OCT3 on metformin disposition or pharmacologic action (8, 13) . The cation/carnitine transporter 1 (OCTN1) is a multispecific, bidirectional, and pH-dependent organic cation transporter with low carnitine transport activity (15) that is markedly expressed in the kidney, trachea, bone marrow, and fetal liver (16) . The high expression of The first two authors contributed equally to this work. Electronic supplementary material The online version of this article (doi:10.1208/s12248-013-9460-z) contains supplementary material, which is available to authorized users.
OCTN1 in renal proximal tubules implies the importance of OCTN1 as a transporter for renal disposition of substrate drugs (17) . One study reported that the OCTN1-1507C>T variant showed no association with the PKs of metformin in Caucasians (13) . Metformin has been identified as a substrate for MATE1 and MATE2-K (9, 18) . MATE1 and MATE2-K may be involved in the tubular secretion of metformin across the brush-border membranes of the kidneys (19) , and the genetic polymorphisms of MATEs are reported to be associated with metformin efficacy (20, 21) . However, their effect on the PKs of metformin has not been well evaluated in the Korean population; most of these studies were performed in vitro or in Caucasians.
Therefore, to clarify the role of OCTs in the disposition of metformin, the inter-subject variations in the pharmacokinetics of orally administered metformin in the environment of genetic variants of OCT1-3, OCTN1, MATE1, and MATE2-K in the Korean population were analyzed. In addition, we characterized the population pharmacokinetics of metformin utilizing a nonlinear mixed effects modeling (NONMEM) method and assessed the effect of genetic polymorphisms in OCTs on the population pharmacokinetics of metformin.
METHODS

Subjects and Study Design
Ninety-six healthy Korean male volunteers participated in this study. The subjects' ages ranged from 19 to 31 years (mean ± SD, 22.41 ± 2.43 years) and weights from 53.1 to 95.6 kg (mean ± SD, 67.74 ± 8.24 kg). Written informed consent was obtained from all subjects to undergo genotyping and pharmacokinetic studies. The study protocol was approved by the Institutional Review Board of the Institute of Bioequivalence and Bridging Study, Chonnam National University, Gwangju, Korea. This study was conducted in compliance with the revised Declaration of Helsinki for biomedical research involving human subjects and the rules of Good Clinical Practice.
In this retrospective data analysis, data on subjects from five independent metformin bioequivalence studies which used the same protocol were assembled; only data from the reference formulation were used for the current analysis. The BE studies were performed as single-dose, randomized, two-way, open-label, and crossover studies at the Institute of Bioequivalence and Bridging Study, College of Pharmacy, Chonnam National University. After fasting overnight, the subjects in each study were administered a single oral dose of 500 mg metformin with 240 mL of water (Glucophage tablet in each study, 500 mg; lot no. 07MK003B, Boehringer Ingelheim Korea Ltd, Seoul, Korea). Blood samples were collected in Vacutainer® tubes before dosing and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12 , and 24 h after drug administration. After centrifugation (3,000×g, 20 min, 4°C), serum samples were transferred to polyethylene tubes and immediately stored at −70°C until analysis.
Analytical Methods
Metformin concentrations in serum were determined using a validated high-performance liquid chromatography method as in the previous report (22) . Briefly, to 200 μL of serum, a 50-μL aliquot of internal standard (IS, phenformin hydrochloride 2 μg/mL) and 200 μL of solution (0.5 g ZnSO 4 dissolved in 100 mL methanol, plus l mL ethylene glycol) were added. The samples were extracted and centrifuged. The supernatant (300 μL) was transferred and diluted with an equal amount of distilled water, and 50 μL of the mixture was then injected onto the HPLC system. The separation was performed on a Nucleosil 100-5 SA column (5 μm particle size, 125×4.6 mm I.D.; MACHEREY-NAGEL GmbH & Co. KG, Postfach, Düren, Germany) at ambient temperature. The mobile phase was a mixture of acetonitrile-water-methanol (50:45:5, v/v/v) in 12 mM potassium dihydrogen phosphate at a flow rate of 1.5 mL/min. Detection was carried out at 236 nm with a UV detector. The HPLC system consisted of a model LC-10ADvp isocratic pump (Shimadzu, Kyoto, Japan) equipped with a Rheodyne 7,725 injection valve (Rheodyne, Cotati, CA, USA), a model SPD-10Avp UV detector (Shimadzu, Kyoto, Japan), and a degasser (model DGU-12A). Detector output was quantitated on a model Class LC-10 integrator (Shimadzu, Kyoto, Japan).
In this HPLC method, no interference from any endogenous substances was observed in human serum. The retention times for metformin and IS were approximately 9.2 and 11.5 min, respectively. The calibration curve was linear from 10 to 2,000 ng/mL (r 2 00.9999, n09). The mean intra-and inter-assay coefficients of variation for human serum were lower than 15% at relevant concentrations (n09). The lower limit of quantification was 10 ng/mL. The mean relative recovery of metformin was 99.4±2.43% (mean±SD).
Genotype Analysis
DNA Direct Sequencing
The polymerase chain reaction (PCR) method was used to amplify the seven fragments (OCT1-289C>T, OCT1-350C > T, OCT1-616C > T, OCT2-596C > T, OCT2-602C > T, OCTN1-1507C>T, MATE2-K-632_633GC>TT). The final volume of the PCR was 10 μL, consisting of 10 ng of DNA, 0.5 μM of each primer pair, 0.25 mM dNTPs, 3 mMMgCl 2 , 1 μL 1× reaction buffer, and 0.25 U Taq DNA polymerase (Intron Biotechnology, Seongnam-Si, Gyeonggi-do, Korea). The following PCR conditions were used: initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 60-65°C for 30 s, initial extension at 72°C for 30-60 s, and final extension at 72°C for 10 min. The PCR products were purified using a MultiScreen384-PCR Filter Plate (Millipore, Billerica, MA, USA). The purified products were then sequenced using a BigDye Terminator Cycle Sequencing Kit and an ABI 3,730×l automated sequencer (Applied Biosystems, Foster City, CA, USA). The sequencing primers were the same as those used for the PCR amplification (Supplementary Table S1 ). Mutation analyses were performed using Phred, Phrap, Consed, Polyphred 5.04 software (http://droog.mbt.washington.edu/PolyPhred.html).
SNaPshot Assay
The genotyping was screened with single base primer extension assay using ABI PRISM SNaPShot Multiplex kit (ABI, Foster City, CA, USA) according to the manufacturer's recommendation. DNA was extracted from blood and amplified using PCR. Primer sequences and annealing temperatures are described in Supplementary  Table S1 . The PCR was performed on an ABI 9,700 ThermalCycler (ABI, Foster City, CA). The PCR product was purified after amplification using shrimp alkaline phosphatase (USB Corporation, Cleveland, OH, USA) and exonuclease I (USB Corporation, Cleveland, OH, USA). One microliter of the purified amplification products was added to a SNaPshot Multiplex Ready reaction mixture containing 0.15 pmol of genotyping primer for primer extension reaction. The sequences were then analyzed on an ABI Prism 3730xl DNA analyzer (Applied Biosystems, USA). Analysis was performed using GeneMapper software (version 4.0; Applied Biosystems). To control genotyping validity, genotype analyses were also conducted by PCR-restriction fragment length polymorphism method or Pyrosequencing, and only the genotyping results that were in 100% concordance were used in the actual genotype run.
Statistical Analysis for the Influence of Genetic Polymorphisms
Allele prevalence for the various SNPs was assessed for deviation from the Hardy-Weinberg equilibrium using the Pearson χ 2 test. The pharmacokinetic parameters from three or more different genotype groups were compared using the Kruskal-Wallis test, a nonparametric one-way ANOVA. Differences between the pharmacokinetic parameters of the two genotypic groups were determined with the Mann-Whitney test. Two-tailed null hypotheses of no difference were rejected if p values were less than 0.05. All statistical analyses were conducted with SPSS 12.0 K for Windows (version 12.0.1; SPSS Inc, Chicago, IL, USA).
Population Analysis
Non-compartmental Analysis
Pharmacokinetic parameters were calculated by noncompartmental analysis of serum concentration-time curve data with WinNonlin software (Pharsight Corporation, Mountain View, CA, USA). The area under the serum concentration-time curve from zero to time infinity (AUC inf ) and the C max for metformin were determined from individual serum concentration-time profiles. The AUC inf was calculated as AUC 0−t + C t /λ Z , where C t is the last measurable concentration and λ Z is the terminal rate constant. AUC 0−t was calculated by the linear trapezoidal rule from zero to the last measurable time point. The CL/F was calculated as the dose of metformin divided by AUC inf , where F is the oral bioavailability.
Population Pharmacokinetic Analysis
The population parameters, inter-subject (η), and residual (ε) random effects were estimated using nonlinear mixedeffects modeling as implemented in NONMEM [version VI, level 2.0; GloboMax, Hanover, MD (23)]. The basic population model was implemented within the PREDPP library subroutine ADVAN2 and TRANS2 in NONMEM and estimated using the first-order conditional estimation method with η-ε interaction. The inter-subject variability of each structural parameter of the basic model was modeled with an exponential error model:
where P i signifies the parameter value in an ith subject, η i represents a random variable and the difference between P i and P TV , which is the value of the parameter in a typical subject. It is assumed that the values of η i are normally distributed with a mean of zero and a variance of ω 2 . The residual variability was evaluated (i.e., additive error, proportional error, and combined additive and proportional error) to describe the intra-subject variability. The residual variability was described best by a proportional error model:
where C ij represents the jth observed value in the ith subject, C pred, ij signifies the jth predicted value in the ith subject, and ε ij is the residual intra-subject variability with a mean of zero and a variance of σ 2 . The influence of subject covariate on the pharmacokinetic parameters was analyzed. The covariates included in this analysis were weight, age, body surface area (BSA), creatinine clearance (CrCL), liver function [alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP)], five independent metformin BE studies, and genetic polymorphisms of OCT1-1022C> T, OCT2-808 G>T, OCTN1-917C>T, and MATE2-K-130 G>A which were selected on the basis of t h e g e n o t y p i n g r e s u l t s . T h e m o s t a p p r o p r i a t e pharmacostatistical model was selected based on goodnessof-fit plots, precision of estimates, and the likelihood ratio test within NONMEM. With respect to non-nested models, the Akaike Information Criteria value was used (24) . The significance level was P<0.05 during forward inclusion and P<0.01 during backward deletion. The goodness-of-fit plots included plots of the observed and predicted subject profiles, and the population predicted estimates and conditional weighted residuals (25) , which were obtained using Xpose (26) software. The precision of the population estimates was evaluated on the basis of relative standard errors (RSE%). The inter-subject variability was estimated in terms of the coefficient of variance.
The accuracy and robustness of the final population model were evaluated using visual predictive checks, implemented in Xpose with the Pearl-speaks-NONMEM. The predicted estimates-time profiles for 1,000 data sets at each point were generated from the parameters and variances of the final model selected. The 90% prediction intervals (5th to 95th percentile) of simulated metformin concentrations corresponding to the observed values were calculated and plotted for comparison with observed values.
RESULTS
Population Characteristics
In the 96 subjects analyzed, the allele frequencies of OCT1-1022C > T was 13.5%, OCT2-602C > T was 0.5%, OCT2-808 G>T was 7.8%, OCTN1-917C>T was 62.5%, MATE1-191 G>A was 0.5%, MATE1-373C>T was 0.5%, and MATE2-K-130 G>A was 45.8% (Table I ). The other allele frequencies were 0%. These were comparable to previously observed results (6, 8, 9, 21, (27) (28) (29) (30) (31) (32) (33) (34) . The observed frequencies were in Hardy-Weinberg equilibrium. We selected four SNPs (OCT1-1022C>T, OCT2-808 G>T, OCTN1-917C>T, and MATE2-K-130 G>A) with frequencies >0.5% because the allele frequencies of other variants analyzed in this study were quite low. In our data analysis, subjects were categorized into two groups based upon their genotypes: variants (homozygous and heterozygous variants) and wild types. Dropouts did not occur in the five metformin BE studies and SNP analyses.
Effects of Genetic Polymorphisms on Metformin Pharmacokinetics
The AUC inf and the C max of metformin in relation to the different OCT1-1022C>T, OCT2-808 G>T, OCTN1-917C>T, and MATE2-K-130 G>A genotypes are summarized in Table II . Significant differences were observed between wild types and variants in OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T, although not for MATE2-K-130 G>A.
These results indicated that genetic polymorphisms of OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T can potentially influence the pharmacokinetics of orally administered metformin.
However, since the disposition of metformin may involve several transporters, we also examined the association between AUC inf and C max of metformin and different combinations of the OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T genotypes. Five different combinations (out of eight possible) of the OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T genotypes were observed (Fig. 1a, b) . Significant associations were observed between the combined genotypes of OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T and the pharmacokinetic parameters (AUC inf and C max ) of metformin (P00.010 and P00.028, respectively). The combined genotype of OCT1-1022CC, OCT2-808GG, and OCTN1-917CT/TT differed significantly (P00.007 and P00.008) in both of the metformin pharmacokinetic parameters (AUC inf and C max ) relative to individuals lacking mutations in each gene. The combined genotype of OCT1-1022CC, OCT2-808GT, and OCTN1-917CT/TT showed a statistically significant difference (P00.029) in the AUC inf compared with that of OCT1-1022CC, OCT2-808GG, and OCTN1-917CT/TT. The combined genotype of OCT1-1022CC, OCT2-808GT, and OCTN1-917CT/TT showed statistically significant differences (P00.001 and P0 0.008) in the AUC inf and C max , respectively, compared with those in individuals lacking mutations in each gene.
The combined genotype of OCT1-1022CT/TT, OCT2-808GG, and OCTN1-917CT/TT differed significantly (P0 0.004 and P00.015) in the AUC inf and C max relative to individuals lacking mutations in each gene. However, these results may come from the effect of the OCTN1-917C>T genetic polymorphism. If the genetic polymorphism of OCT1-1022C> T affects the pharmacokinetics of metformin, a AS Asian American; CEU Caucasians in Utah; EA European American; EC European Caucasian; JA Japanese Asian a The major (i.e., more frequent or active) alleles were designated A and the minor alleles B. A/A, A/B, and B/B represent individuals homozygous for the major allele, heterozygous for the minor allele, and homozygous for the minor allele, respectively. A/A denotes carriers of no inactive allele and B/B denotes carriers of two inactive alleles significant difference would be observed between the combined genotypes of OCT1-1022CC, OCT2-808GG, and OCTN1-917CT/TT, and OCT1-1022CT/TT, OCT2-808GG, and OCTN1-917CT/TT. However, when OCT1-1022CC and OCT1-1022CT/TT subjects who were OCT2-808GG with OCTN1-917CT/TT were compared, no differences were observed in the pharmacokinetic parameters of metformin (Fig. 1a, b) . As a result, we observed that the genetic polymorphisms of OCT2-808 G>T and OCTN1-917C>T had a significant effect on the pharmacokinetics of metformin, while OCT1-1022C>T did not.
Population Pharmacokinetic Model
The serum concentration profile of metformin vs. time was well described by a one-compartment model with firstorder absorption to the central compartment and a lag time. In the initial analyses, the one-compartment model decreased the OFV significantly (P<0.001) when compared to the twocompartment model. When a random effect on CL/F, V/F, and k a (P<0.001) was fit to the model, the OFV of the onecompartment model decreased significantly. Residual variability was modeled using the proportional error. A significant decrease in the OFV (ΔOFV 0−129.33, P < 0.001) resulted from the inclusion of a lag time in the model. This was selected as a base model.
The model development is summarized in Supplementary Table S2 with covariates and the steps that resulted in statistically significant changes in the OFV while fitting the pharmacostatistical model. Screening the effects of covariates on PK parameters during the GAM analysis suggested that the inclusion of body weight and certain genotypes had an effect on V/F and CL/F (Fig. 1c) . Inclusion of the OCT2-808 G>T genotype had a significant effect (ΔOFV0−14.08, P<0.001) on the CL/F. In addition, the effect of the OCTN1-917C>T genotype (dominant model) on the CL/F was significant (ΔOFV0−5.88, P<0.05). Furthermore, a combination of OCT2-808 G>T and OCTN1-917C>T genotypes was associated with a statistically significant difference (ΔOFV0 −4.69, P<0.05) in the CL/F (Supplementary Table S2 ). Inclusion of body weight had a significant effect (ΔOFV0 −5.07, P<0.05) on the V/F. Other covariates including age, BSA, CrCL, blood urea nitrogen, liver function (ALT, AST, and ALP), five separate metformin bioequivalence studies, OCT1-1022C>T, and MATE2K-130 G>A genotypes did not affect any PK parameters. As a result, Model 7 (Supplementary Table S2 ) was arrived at as the final population PK model:
where 136 L/h is the estimated oral clearance for subjects with the combined OCT2-808 G>T and OCTN1-917C>T genotypes and the fractional change in the oral clearance of OCT2-808 G>T and OCTN1-917C>T genotypes is −0.248 and −0.234, respectively. θ covariates is the index variable for covariates.
The effect of OCT2-808 G>T variants on the CL/F of metformin was significant (P00.005), and the estimated CL/F in subjects with the OCT2-808GT allele (84.1 L/h) was lower than in those with the OCT2-808GG allele (109.5 L/h). In addition, statistically significant differences (P00.019) in CL/F were observed between OCTN1-917C>T genotypes, and the estimated CL/F in subjects with the OCTN1-917CT/TT alleles (103.6 L/h) was lower than in those with the OCTN1-917CC allele (140.4 L/h). Furthermore, the combined genotype of OCT2-808GT and OCTN1-917CT/TT (87.0 L/h) showed statistically significant differences in CL/F compared with OCT2-808GG and OCTN1-917CT/TT (107.2 L/h, P00.020) or those from individuals lacking mutation in both genes (140.4 L/h, P00.001; Fig. 1c ). The final model's equation gave metformin's estimated CL/F at about 40% lower in subjects with the combined genotype of OCT2-808GT and OCTN1-917CT/TT than in those of OCT2-808GG and OCTN1-917CC. The C max of metformin ranged from 363.2 to 1546.9 mg/L (about 4.5-fold). Mean C max of OCT2-808GG with OCTN1-919CC and OCT2-808GT with OCTN1-917CT/ TT subjects was 589.8 and 936.5 mg/L, respectively. The values obtained were 102±34.5 L/h for CL/F, 447±214 L for V d /F, and 3.1±0.9 h for terminal half-life (t 1/2 , mean±SD) by non-compartmental analysis. The NONMEM method gives similar results. Table III showed the population parameter values and inter-and intra-subject variability, which were estimated by the final model. Generally, the PK parameters were well estimated, with the relative standard error (%RSE) for estimation being approximately 3.00-18.4% of the estimated population parameter mean values. The relative standard error (%RSE) of the inter-subject variability of parameter estimates was low (9.63-24.6%). In the final model, the η shrinkage values were relatively small (all<24.8%). Residual error was low at 17% of the proportional error, meaning low intra-subject variability, measurement error, and model misspecification. Supplementary Figure S1 shows the basic goodness-of-fit plots. The diagnostic plots did not reveal any systematic bias, while predicted and observed values were in good agreement. The weighted predictions for the final population PK model were generally distributed around zero and were relatively symmetric. The population and individual post hoc predictions were distributed around the line of identity. Model 7 was used to predict concentrations of a single oral 500-mg dose of metformin over 1,000 simulated datasets, with results shown in Fig. 2 . The majority of observed metformin serum concentrations fell within the range of the lower (5%) and upper (95%) percentiles of the simulated concentrations. Fig. 1 . Effects of OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T variants on the pharmacokinetics of metformin. The AUC inf (a) and C max (b) in the combination of OCT1-1022C>T, OCT2-808 G>T, and OCTN1-917C>T genotypes after a single oral administration of 500 mg of metformin. Comparison of population pharmacokinetic parameter estimates (CL/F) in the different OCT2-808 G>T and OCTN1-917C>T genotypes (c). Significance was calculated using the Kruskal-Wallis test for simultaneous comparison of three or more genotypes, and the Mann-Whitney test for comparing two genotypes
DISCUSSION
Previous studies reported that metformin could be a substrate of MATE1 and MATE2-K, as well as OCTs (10, 35) . However, few investigations (12) have focused upon the relationship between polymorphisms of OCTs and the full pharmacokinetic patterns of metformin as a phenotype in the Korean population. Therefore, the objective of the current study was to evaluate whether genetic polymorphisms of OCTs have significant effects on the pharmacokinetics of metformin in healthy Korean subjects. Except for OCT1-1022C>T, OCT2-808 G>T, OCTN1-917C>T, and MATE2-K-130 G>A variants, genetic polymorphisms in OCTs are quite rare among Koreans (Table I) , and our data analysis was conducted with those four variants.
In the present study, except for MATE2-K-130 G>A variant, significant differences were observed in OCT1-1022C >T, OCT2-808 G>T, and OCTN1-917C>T genotypes in the pharmacokinetic parameters of metformin. However, the combined analysis revealed that the genetic polymorphism of OCT1-1022C>T does not influence the metformin pharmacokinetics (Fig. 1a, b) , even though a trend towards higher AUC inf and C max appeared in subjects with the variant allele (Table II) . This was consistent with the result of the NON-MEM method. We showed only the results of non-parametric data analyses in which we couldn't conduct any adjustments. If any adjustment or multiple testing were available in a statistical package for a non-parametric method, the results would be more reliable.
The current study provides a population PK analysis of a single oral dose of 500 mg of metformin in healthy volunteers. A one-compartment model with a first-order absorption and lag time yielded good estimates of the metformin serum concentrations. The one-compartment model has been employed to describe the PPK of metformin (36, 37) . Metformin exhibited apparent flip-flop kinetics, consistent with the previous report (38) , which could blunt the effects of polymorphism-associated elimination. Therefore, the values of t 1/2 did not differ significantly between the variants and wild types. The values of t 1/2 in the combined genotype of OCT2-808GG and OCTN1-1022CC was 3.00±0.880, OCT2-808GG and OCTN1-1022CT/TT was 2.96±0.875, and OCT2-808GT and OCTN1-1022CT/TT was 3.15±0.972 h (mean± SD).
The model identified key factors influencing the pharmacokinetics of metformin, such as body weight and genetic polymorphisms of OCT2-808 G>T and OCTN1-917C>T. The results showed that the inter-subject variability decreased by including body weight as a covariate for V/F, and OCT2-808 G>T and OCTN1-917C>T genotypes as a covariate for CL/F (Supplementary Table S2 ). Variability in CL/F of metformin among different genotypes, which is in inverse proportion to drug concentration, could influence significantly the likelihood of adverse effects such as lactic acidosis. Therefore, it might be useful to analyze an individual's genotypes of OCT2 and OCTN1 to individualize the use of metformin. Such genetic differences may explain the inter- A total of 1,000 replicates of bootstrap analysis CI confidence interval, θ COVARIATE influential factor for covariate, ω interindividual variability, σ residual variability a The 2.5th and 97.5th percentile of the bootstrap parameter estimates Fig. 2 . Visual predictive check of the final model between 0 and 24 h after a single oral administration of 500 mg metformin. A total of 1,000 datasets were simulated using the final pharmacokinetic parameter estimates. Open circle, observed metformin serum concentrations; the 90% confidence interval of the simulated concentrations (gray area) and observed concentration (solid line) of the 5th, median, and 95th percentile subject variability in the disposition of metformin in humans. Serum concentrations vs. time profiles were simulated 1,000 times for all subjects, with incorporation of the parameters, inter-subject and residual error of the final model. The genetic polymorphisms of OCT2-808 G>T and OCTN1-917C>T both appeared to affect the CL/F, which indicates that metformin is a strong substrate of both OCT2 and OCTN1. The high expressions of OCT2 (basolateral) and OCTN1 (luminal) in renal tubules (16, 39) suggest that defects in OCTs transport function may cause a decrease in the renal excretion and an increase in the serum concentration of metformin. Variant alleles led to significantly higher AUC inf and C max values, possibly related to increased efficacy and toxicity. The deficient OCTs proteins might delay renal excretion of metformin, prolonging the glucose-lowering effect and increasing the possibility of adverse reactions . The CL/F and CLr have been observed to be 74-78% lower in subjects with moderate and severe chronic renal impairment than in healthy young subjects (40) . As the CL/F and CLr of metformin decrease approximately proportionately to CrCL, metformin dose should be reduced in patients with renal impairment in proportion to the reduced CrCL (41) . Furthermore, the metformin dosage should be titrated when administered to renal impaired patients with OCT2-808GT and OCTN1-1022CT/TT variants. This recommendation, however, awaits more extensive research for confirmation.
Previous studies suggest that metformin is a substrate of OCT2 (12, 13) , and that OCT2 plays an important role in the disposition of metformin because renal secretion is the major elimination route of metformin. In the case of OCTN1, an in vitro study is needed to clarify whether metformin is a substrate for OCTN1 and whether the genetic polymorphism of OCTN1-917C>T has a significant effect on the transport of metformin. Renal secretion of metformin includes an entry step at the basolateral membrane and an exit step at the apical membrane of renal tubules. While OCT2 is involved with the entry of metformin into the renal tubular cells (42) , OCTN1 may contribute to the flux of metformin from the tubule cells to the tubule lumen.
The frequency of OCT2-808 G>T in our study population was close to that in other Asians and Caucasians (30, 33) . However, the prevalence of the OCTN1-917TT allele has been reported to be about 60% in Asians and 33% in Caucasians (27, 29) . Therefore, the impact of OCTN1 genetic polymorphism on metformin pharmacokinetics seems to be greater in Asians than it does in Caucasians in the context of clinical therapy. Shu et al. (43) previously demonstrated that OCT1-1022C>T variants are not related to decreased metformin uptake in HEK-293 cells and our in vivo study showed similar results. Chen et al. (6) reported that the uptake of metformin in cells expressing OCT1-289C>A, -350C>T, and -616C>T was significantly reduced relative to the OCT1 wild types. However, in the current study, the genetic polymorphisms of OCT1-289C>T, -350C>T, -616C>T display no significant impact on the pharmacokinetics of metformin because there was no subject carrying the variant in the Korean population (Table I ). The genetic polymorphism of OCT2-808 G>T had a significant effect on metformin pharmacokinetics, in agreement with the previous reports conducted in Asian populations (12, 44) . The OCT2-808GT variant is associated with greater renal clearance of metformin in European and African-American populations (7) , and while clearly involved with renal excretion of metformin, is also present in other tissues. This may explain the apparent contrasting effects on CL/F and CLr of metformin. As a side point, CLr of metformin is much smaller than its CL/F. The values of population CLr and CL/F were 510±130 and 1,140±330 mL/ min (mean±SD), respectively (41). Ethnic differences or genetic polymorphisms in other transporters may explain the remaining differences since renal secretion of metformin might involve several transporters (10).
We could not confirm the effects of OCT2-596C>T and -602C> T variants on metformin pharmacokinetics because of low allele frequencies. Tzetkove et al. (13) proposed that there was no relationship between OCTN1-1507C > T variant and metformin pharmacokinetics in Caucasians, and this finding seems to be in agreement with our study. However, the present study identified that the genetic polymorphism of OCTN1-917C>T influences the pharmacokinetics of metformin in the Korean population. Therefore, in addition to OCT2 genetic polymorphisms, genetic variants in OCTN1 may contribute to the variation in response to metformin.
Genotyping on 96 Korean subjects of this study showed that the allele frequencies of MATE variants (except for MATE2-K-130 G > A) were quite low (Table I) , which is consistent with previous studies (9, 32) . The MATE2-K-130 G>A variant has recently been found to be associated with pharmacodynamic response to metformin (21) . However, the investigators could not determine whether the effect of this variant for pharmacokinetics was responsible for metformin's response, and were unable to assess the contribution of this variant to metformin pharmacokinetics. In this study, the genetic variant of MATE2-K-130 G>A apparently is not significantly associated with metformin pharmacokinetics. Therefore, we could conclude that MATE variants do not seem to affect the variability of metformin disposition in the Korean population.
The limitations of this study include the single dose evaluation and the use of only healthy subjects in wellcontrolled experimental conditions. A prospective, largescale study of diabetic patients is required to determine the clinical relevance of OCTs genetic polymorphisms and their effects on clinical pharmacokinetics, therapeutic effects, and side effects in metformin therapy. If renal metformin clearance data were available, it would be helpful to further clarify the impact of OCTs genetic polymorphisms on metformin disposition. However, the present investigation using serum samples could provide valuable information.
In conclusion, the present study finds that the pharmacokinetics of metformin is significantly affected by OCT2-808 G>T and OCTN1-917C>T polymorphisms, and this may influence the clinical response to metformin therapy. In conclusion, it is recommended to consider both genetic variants of OCTN1-917C >T and OCT2-808 G>T genetic polymorphisms when titrating metformin dose.
